Energy decomposition analysis is a powerful tool to study the bond properties of molecules. Here, we used a recent implementation by P. Su and H. Li (J. Chem. Phys. 131 (2009) 014102) to test the method for investigations of ligand binding to medium sized molecules (30-40 atoms). We studied the properties of the bond between porphyrins or phthalocyanines with central metals without (Mg) or with a closed d shell (Zn and Cd) to ligands binding via various row II and III atoms (nitrogen, oxygen, phosphorus and sulphur) using various methods and basis sets. Several interesting results could be deduced: In the porphyrins, ligands binding via a nitrogen atom were preferred to those binding via oxygen and sixfold coordination was readily available for magnesium as central metal atom as opposed to zinc and cadmium derivatives which also showed a weaker bond strength. In phthalocyanines, a tendency to form fivefold coordination was also seen for magnesium compounds and bonds to nitrogen and oxygen had the same strength. Ligation to row III elements created only weak bonds that were prone to fluctuations.
Introduction
Metallo porphyrins and related systems (e.g., chlorins, phthalocyanines etc.) are the function defining center in many biological systems. They are used for light harvesting (e.g., chlorophyll [13] ), oxygen transport (e.g., hemoglobin [23, 32] ), or catalytic processes (e.g., catalase). In many systems, the metal center is used to bind other groups (e.g., amino acids if embedded into a protein environment) or molecules in the case of catalytic enzymes or enzymes that act as transporter [5] . A basic understanding of the binding properties of peripheral groups to the central metal atom is essential to understand the mechanisms of biological and chemical processes related to these compounds.
Previous work has been focused on the influence of this central metal atom on the properties of porphyrin systems [8, 9] . However, although the role of the metal atom has been discussed in some detail, the influence of the ligand, or more specifically, the atom that is directly attached to it has not yet been systematically investigated. For example an important question in this context is the impact of water and other solvents to break a porphyrin-protein bond. Another question deals with the binding properties of row III elements such as phosphorus and sulfur (the latter occurring, e.g., in the amino acid cysteine), and the differences to their row II analogues nitrogen and oxygen. Finally, one might ask, what is the binding order of the central metal in solvents, i.e., when they are not embedded in a protein matrix. The latter question could be of special interest when studying spectroscopic properties of solvated porphyrins since solvent molecules distort the carbon skeleton and reduce its symmetry.
In order to pursue our goal, we employ energy decomposition analysis (EDA) and account for the basis set superposition error (BSSE) obtained by just calculating the energies of the porphyrins and solvents alone. Generally, BSSE is supposed to critically depend on the size of the basis set [11, 29] . In our case, however, the given molecular complexes have 30-40 atoms which reduces the number of applicable basis functions. EDA methods have been introduced by K. Morokuma and coworkers [14, 16, 17] and were developed by several groups [2, 12, 33, 34] . A recent review of the method can be found in [30] . A promising implementation to treat larger systems has been introduced by P. Su and H. Li [27] and is included in the GAMESS code [10, 24] . It comprises the counterpoise method of Boys and Bernardi [4] to correct for BSSE. For smaller systems, it showed a weak basis set dependence which might allow for using smaller basis sets and still obtaining valuable results. Moreover, the method allows decomposition of both, the Hartree-Fock and the Kohn-Sham interaction energy into electrostatic, exchange, repulsion, polarization, and dispersion terms. In the following we examine the properties of porphyrins and phthalocyanines with central atoms that either have no or closed d shells, namely the naturally occurring Mg(II) and Zn(II) as well as Cd(II) derivatives which are bound to a set of different molecules to investigate the bonding properties between the central atom and the attached species, thereby testing the applicability and performance of the aforementioned method using various codes and basis sets.
Methods
Geometries of the porphyrins without ligand were calculated in C 2v symmetry using B3-LYP/3-21G * as implemented in GAMESS [10, 24] . In addition, complexes with one or two molecules attached to the central metal atom were obtained by the same method as well as B3-LYP/6-31G * in selected cases (see below for a further discussion). As ligands we used water (H 2 O), ammonia (NH 3 ), methanol (MeOH), tetrahydrofuran (THF), phosphane (PH 3 ) and hydrogen sulfide (H 2 S). Generally, the geometrical changes between the 3-21G
* and a bigger basis set, e.g., 6-31G * were small and the binding energies in the following EDA analysis deviated less than 1 kcal mol −1 such that the comparison with cadmium for which a 6-31G * basis set does not exist, led us to use the smaller basis set. In many systems with water ligation, however, geometry optimization in 3-21G * led to a completely different structure such that the larger basis set was preferred for these compounds since the EDA results showed a significantly increased binding energy independent of the method. For the same reason, we chose B3-LYP as a universal functional, although geometries of selected metal compounds might be better represented by other functionals [26] . Critical geometrical parameters are shown in Table 1 .
As mentioned, EDA was performed according to the recent implementation of P. Su and H. Li [27] . Several methods (MP2 and the DFT functionals B3-LYP, BP86, OPBE, PBE0, BLYP, CAMB3-LYP, and PW91) and basis sets were tested. For a general comparison of all complexes, we used B3-LYP with TK/NOSeC-V-TZP for the central metal and TK/NOSeC-V-DZP for the peripheral atoms [1, [18] [19] [20] [21] 25] . This kind of a split basis set with an effective core potential was formerly used to calculate EDA in copper-ligand complexes [27] . In the following, we will abbreviate this basis set with V-DZP. Some results are highlighted in Tables 4 and 6 . Geometries of the phthalocyanines were only calculated for water, ammonia, methanol and tetrahydrofuran and EDA results were computed in B3-LYP/V-DZP and MP2 with a cc-pVDZ-basis for magnesium and a 6-31G * basis for zinc (see Table 7 ).
Results and discussion

Geometries
Selected structures of magnesium porphyrins with one ligand attached are presented in Fig. 1 and the monohydrated complexes for zinc and cadmium are shown in Fig. 2 whereas the dihydrated compounds of Mg, Zn and Cd are depicted in Fig. 3 . In monohydrated magnesium (MgP-H 2 O), the central metal atom is pulled slightly out of the plane of the four nitrogen atoms N1-N4 (in the following denoted as N 4 plane) which causes a bend of the whole molecule. This bend destabilizes the porphyrin skeleton by 4.2 (B3-LYP/V-DZP) to 7.9 (MP2/V-DZP) kcal mol −1 with respect to the unsubstituted derivative. In addition to this deformation, the central Mg atom is slightly shifted toward one of the sides such that the Mg-N bond distances are not identical (see Table 1 ). The oxygen atom of the water molecule forms a tetrahedral environment as expected for an sp 3 -hybridized molecule. This emphasizes a p-electron donation from the doubly occupied sp 3 orbital of oxygen to the empty p z orbital of magnesium (A 1g symmetry). The energetic difference of the two orbitals therefore determines the strength of the bonding. The H-O-H angle is essentially identical when compared to molecular water but the OH bond lengthens by 1.3 pm. The geometry of ZnP-H 2 O (as well as the monohydrated phthalocyanines) was calculated with the 6-31G * basis set since the water molecule showed sp 2 hybridization using the 3-21G * basis set similar to the geometry of THF where this arrangement is sterically enforced. This is not observed in the larger basis and the EDA results confirm a stronger Zn-O bond in case of sp 3 hybridization. In 6-31G * , the Zn atom is pulled further out of the N 4 plane than the Mg atom and the porphyrin is destabilized by 10.8 (B3-LYP/V-DZP) to 13.1 (MP2/V-DZP) kcal mol −1 . This trend is continued in the Cd derivative where we find a more severe distortion which, however, is close to the structure of CdP in C 2v basis such that the destabilization due to the added water molecule is basically negligible (< 1 kcal mol −1 ). Bond distances and the angle of the water molecule are increasing by 2.7 pm and 1
• , respectively, when comparing monohydrated magnesium and cadmium complexes. Hence, not only the porphyrin system but also the attached molecule becomes more distorted under the influence of a heavier central metal. As can be seen in Table 1 , the distances in the porphyrin system do hardly change between Mg and Zn, while Cd is clearly different; the geometric implications on the ligand molecule, however, are similar in Zn and Cd as compared to Mg. Surprisingly, the bond distance between the metal and nitrogen in the porphyrins attached to a single ammonia molecule shows changes that are different for the different species (see Table 2 ). While the Mg−N NH 3 bond is almost 10 pm longer than the Mg-O bond in the hydrated porphyrin, the Zn−N NH 3 bond is more than 17 pm shorter. A similar but less pronounced effect can be seen for the bond distances between the central metal and the atoms of the N 4 plane. This makes the zinc porphyrin more compact, however, as will be shown later, these geometrical implications do hardly effect the strength of the bonding which seems to be better represented by the out-of-plane angle MgNN that increases for all molecules and thus indicates a stronger interaction.
There are some changes when comparing porphyrins with phthalocyanines (see Table 3 ): The central metal is pushed further outside the N 4 plane which is a result of the more compact ring of the phthalocyanines (as is evidenced by the decreased M-N bond distance). This compactness seems to be the main reason why phthalocyanines are not sixfold coordinated (see below). In addition, in case of hydration, it forces the molecule to obtain a slightly different geometry which is represented by modified bending angles and distances. This change leads to a stronger bond as is shown by the EDA results (see below). 
Testing the methods: Monohydrated porphyrin complexes
The applicability of EDA to molecules of the size of porphyrins had to be tested since the basis sets normally used for small molecules, namely quadruple or quintuple-ζ basis sets, are too big for these medium sized molecules. Even triple-ζ basis sets did not converge. In addition, coupled cluster methods proved to be too expensive. Therefore, we performed some tests on the monohydrated porphyrins, especially monohydrated magnesium porphyrin (MgP-H 2 O) to investigate the dependence of the binding energies on the method (various DFT functionals and MP2) and the basis set. EDA results of MgP-H 2 O are shown in Table 4 . The differences in total interaction energy are about 4.5 kcal mol −1 between MP2 and the two DFT functionals B3-LYP and BP86. A more detailed comparison of different DFT functionals is given in Table 5 and briefly discussed in the appendix. The real stabilization energies E stab are given by the total interaction energy E tot as received by EDA minus the difference between the substituted and the unsubstituted porphyrins E Δ,p as well as the difference between the substituted and the unsubstituted solvent molecules E Δ,s :
The results are shown in Table 6 . The stabilization energies are even less dependent on the basis set than EDA alone and vary between − 15.25 and − 17.30 kcal mol
for B3LYP/6-31G * and B3LYP/cc-pVDZ, respectively. Although these basis sets are relatively small compared to those that can be applied for molecules with just a few atoms [27] , the weak basis set dependence implies that valuable trends in binding energies can be extracted when comparing different systems. We note in this context that the basis sets used in this study are mainly of double-ζ character. A test calculation of MgP-H 2 O using a set of diffuse orbitals (6-31G*++) increased the repulsion between the ring and the ligand reduced the total interaction to 14.5 kcal mol −1 for B3LYP and to 22.2 kcal mol −1 for MP2. This signifies a decent basis set dependence for DFT but less so for MP2. Overall, the method introduced by P. Su and H. Li [27] is suitable for the questions we would like to address in the following. Computation for Zn and Cd porphyrins were performed with 6-31G * and/or V-DZP basis sets only without further extensive testing. 
The role of the central metal
As mentioned before, one crucial difference between the metal atoms in this study are their radii which can be considered the origin of the strong distortion in the cadmium compounds. From an electronic point of view, the main difference in the interaction between magnesium and the heavier atoms is electrostatic attraction (see Table 4 ). This is in agreement with the HSAB principle [22] (hard and soft acids and bases) which suggests a stronger interaction between two 'hard' (i.e., weakly polarizable) or two 'soft' (i.e., highly polarizable) Lewis' bases and acids. This principle provides an easy explanation why the interaction between water which represents a hard base and the small magnesium atom is stronger as compared to Zn and Cd which have larger radii and are considered as softer. The major differences between water and the other molecules that bind via oxygen (methanol and THF in our study) are caused by steric effects. For example, the Mg-O-C angle upon methanol attachment is larger than the Mg-O-H angle for MgP-H 2 O (see Table 1 ) which allows for a shorter Mg-O bond (decreasing repulsion by 6 kcal mol −1 and increasing polarization by 7 kcal mol −1 ) but weakens the overlap with the p orbital of oxygen (reducing the exchange energy by 14 kcal mol −1 ). These effects roughly cancel each other. The same is true for THF, albeit an increase of the Mg-O-C angle to 125
• . This implies an sp 2 -hybridized oxygen atom where the p orbital becomes stabilized by the adjacent CH 2 groups as well as the porphyrin ring. When compelling an sp 2 hybridization in MgP-H 2 O by fixing Mg and the water molecule in a plane and calculating the stabilization energy, it drops by 4-6 kcal mol −1 depending on the method. In THF ligated molecules, the sp 2 -hybridized form is sterically enforced, however, the binding energy is increased compared to water by the weakly electron donating carbon atoms. In zinc porphyrins, the effects observed in MgP are even more prominent. The Zn-O distance is significantly reduced by more than 20 pm and the Zn atom is pulled further out of the ring. Despite these changes, the bonding is actually weaker implying that an increased distortion is not necessarily an indication of an enhanced interaction. The change of the bonding condition to different molecules in CdP is more similar to MgP than to ZnP because of the strong deformation of the unsubstituted molecule. Hence, no change of the ring structure is necessary to account for a higher steric demand.
The role of the ligands
The central topic of this manuscript is the binding properties of different ligands to the metal core and the influences that might change this interaction. For the investigated porphyrins, the bond strength of the metal-nitrogen bond seems to exceed the strength of the metal-oxygen bond as evidenced by comparing water and ammonia. The EDA analysis favors the M-N bond by 3-5 kcal mol −1 independent of the molecule and basis set used. Moreover, when optimizing mixed disubstituted porphyrins (M-NH 3 -H 2 O, M = Zn, Cd) the geometry converges to a M−NH 3 complex with the H 2 O molecule being not attached to the metal. For MgP-H 2 O-NH 3 , both ligands form a bond, however, the magnesium atom is pulled further to the side of the ammonia molecule. The major effect to explain the preference of the M-N bond is an increase in the electrostatic energy by 11 kcal mol −1 (B3LYP/6-31G * ) which is overcompensating the accompanying increase in repulsion energy.
The bond to the row III elements phosphorus and sulfur is represented by PH 3 and H 2 S and much weaker as compared to their row II antagonists. The main origin is the dramatic drop in polarization energy caused by the reduced electronegativity which is seen best for ZnP-H 2 O and ZnP-H 2 S, where the other components of the EDA analysis deviate by less than 2 kcal mol −1 . The total bond energy lies between 2 and 5 kcal mol
for all porphyrins which is on the order of the hydrogen bridge in water. Hence, the bond strength to row III elements is much weaker as compared to the bond to row II elements and it is unlikely that the metal atoms under investigation can form any tertiary coordination to sulfur or phosphorus in, e.g., a protein structure. An interesting question is whether porphyrins might be attached to two molecular entities at the same time and, if so, what are the conditions for such attachments to take place? Mg porphyrin forms stable complexes with two molecules. In this case, the Mg is pulled back to the middle of the ring and the Mg-X bond lengthens by about 7 pm to account for this (206 to 213 pm for Mg-O in MgP-H 2 O and 215 to 222 pm for Mg-N in MgP-NH 3 ). Mixed substitutions are possible if the bond strength is not too different. In the mixed MgP−NH 3 −H 2 O complex the Mg-O bond lengthens to 216 pm and the Mg-N bond shortens to 220 pm. No bond to row III atoms is formed in mixed second row/third row complexes, reemphasizing the deficiency of row III elements to form stable complexes with row 12 (2) elements. The total binding energy of two water molecules to MgP is 2.5 kcal mol −1 per water molecule lower than for single attachment. Hence, it is likely that two water molecules bind to the metal center under aqueous conditions but that upon crystallization, only one water molecule remains attached causing deformation of the porphyrin skeleton and shortening the Mg-O bond. Zinc does not bind two solvent molecules and the second molecule might be described as loosely coordinated. At the optimized geometry, the non-bonding Zn-O distance is 241 pm. The tendency of zinc to avoid octahedral environment in protein structures has been known for some time [3] and was explained by the rise in electron density supplied by surrounding nitrogen atoms [6, 7] . The rise is less prominent in magnesium due to the absence of d electrons [6] . The trend is continued in Cd where, in addition to the aforementioned effect, the ion radius increases which pushes the central atom out of the plane rendering an octahedral environment impossible.
The role of the ring
Besides the central atom and the ligand, the third component to determine the binding properties is the peripheral ring. This is trivially so when sterically demanding ligands are attached to a ring as, e.g., tetraphenylporphyrins but the electronic effects can play a decisive role as is the case when comparing porphyrins and phthalocyanines: Some distinctive changes in the geometries have already been discussed in an earlier section; the cyanines tend to be more compact, especially the M-N distance is reduced by 6-9 pm for different central metals. This in turn reduces the electron density on the metal and increases the acceptance of additional electrons from the attached molecules. The effect is seen in the EDA results shown in Table 7 which exhibits an increased binding energy of about 3 kcal mol −1 for most complexes. However, this effect is distinctively higher for phthalocyanines attached to a water molecule. As a consequence, the bond to nitrogen is no longer favored over the bond to oxygen, indicating that bond preferences depend on the electronic structure of the porphyrinic system (porphyrins, phthalocyanines, chlorins etc.) and not only the central metal although it clearly constitutes the major effect.
The energies of sixfold coordinated phthalocyanines do not provide an unambiguous picture as the MP2 results, which exhibit a tendency to form a sixfold coordinated magnesium while the DFT results (calculations with BP86 functional show the same trends as B3LYP) indicate a fivefold surrounding. However, for both methods, the slight increase in stabilization energy for attachment of one molecule is in line with a slight decrease in stabilization energy for two molecules which can be understood in terms of a more compact complex in the case of phthalocyanines (see above). Summarizing this section, we see that different rings can have a severe influence on which molecule is bonded preferably which might play an important role, e.g., on protein folding processes.
Conclusions
In conclusion, we presented a systematic energy decomposition analysis (EDA) study of the metal-ligand bond in closed d-shell metal porphyrinic systems based on a relatively new implementation of P. Su and H. Li [27] . In total, we found that the method is well suited to treat these medium sized systems (30-40 atoms) as the changes between different basis sets were minor for basis set bigger than Pople's 6-31G
* basis and trends to understand the properties of the studied molecules are readily accessible.
For the investigated moelcules, bonding to row II elements is favored over bonding to row III elements (note that this result does not necessarily hold for non-closed d-shell metals, e.g., iron is known to form strong bondings to sulphur [15, 31] ) and the binding energies are about half the strength of a covalent N-N bond which is strong enough to form stable tertiary structures in, e.g., protein environments. The properties of these bonds are modified by the ring as can be seen by comparing the results for porphyrins and phthalocyanines and, in the case of a metal-oxygen bond, by the sterical demand of the ligand which can cause a different hybridization at the oxygen atom. Changes of the characteristics of the bond as the metal-oxygen distance decreases by ∼ 20 pm for sp
